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Actini (APC) is a multifunctional tumor suppressor protein that negatively regulates
the Wnt signaling pathway. The APC gene is ubiquitously expressed in various tissues, especially throughout
the large intestine and central nervous system. Mutations in the gene encoding APC have been found in most
colorectal cancers and in other types of cancer. The APC gene product is a large multidomain protein that
interacts with a variety of proteins, many of which bind to the well conserved armadillo repeat domain of
APC. Through its binding partners, APC affects a large number of important cellular processes, including cell–
cell adhesion, cell migration, organization of the actin and microtubule cytoskeletons, spindle formation
and chromosome segregation. The molecular mechanisms that control these diverse APC functions are
only partly understood. Here we describe the identiﬁcation of an additional APC armadillo repeat binding
partner — the Striatin protein. The Striatin family members are multidomain molecules that are mainly
neuronal and are thought to function as scaffolds. We have found that Striatin is expressed in epithelial cells
and co-localizes with APC in the epithelial tight junction compartment and in neurite tips of PC12 cells.
The junctional localization of APC and Striatin is actin-dependent. Depletion of APC or Striatin affected the
localization of the tight junction protein ZO-1 and altered the organization of F-actin. These results raise the
possibility that the contribution of APC to cell-cell adhesion may be through interaction with Striatin in
the tight junction compartment of epithelial cells.
© 2008 Elsevier B.V. All rights reserved.1. IntroductionThe adenomatous polyposis coli (APC) gene is a key tumor
suppressor gene. Mutations in this gene are found at an early stage in
the development of most sporadic and inherited colorectal tumors [1].
Wild-type APC is part of a multiprotein complex that negatively
regulates the Wnt signaling pathway by promoting the proteasomal
degradation of β-catenin, thereby preventing TCF/β-catenin-depen-
dent target gene transcription [2,3]. In addition to its role in the Wnt
pathway, APC has been implicated in the regulation of cytoskeletal
networks, and is thought to regulate biological processes such as cell
adhesion, cell migration, proliferation, differentiation, axon outgrowth,
chromosome segregation, stabilization of microtubules and mitosis.
The involvement of APC in these diverse biological processes is possibly
due to the fact that APC associates with various cellular proteins,
including β-catenin, axin, APC-stimulated guanine nucleotide
exchange factor (Asef), IQGAP1, superfamily-associated protein 3
(KAP-3), protein phosphatase 2A (PP2A), end-binding protein 1 (EB1),atous polyposis coli; APCarm,
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l rights reserved.microtubules, the mammalian homolog of discs large (DLG) [4,5] and
the recently identiﬁed AMER1 protein [6]. APC is highly expressed in
the colon and central nervous system (CNS). Although the function of
APC in the CNS has yet to be deﬁned, some ﬁndings suggest that it may
play a role in synapse development [7].
A largenumberof theAPC-interactingproteinsbind to theN-terminal
armadillo repeat domain of APC (APCarm). These include Asef1, which is
a Rac-speciﬁc guanine nucleotide exchange factor [8]; KAP-3, which is a
mediator between APC and the kinesin motor proteins [9]; IQGAP1,
which is an effectorof Rac1 andCdc42 andacts as a linkbetweenAPCand
actin ﬁlaments (F-actin) [10]; and AMER1, a membrane-associated
protein that recruits APC to the plasma membrane [6]. The structural
diversity of these binding partners suggests that the armadillo repeat
domain of APC may be involved in cell–cell adhesion, cell polarization
and migration through the actin and microtubule cytoskeletons. In
addition to these proteins, the armadillo repeat domain of APC interacts
with the regulatory subunit of PP2A-B56, to repress theWnt signal [11].
The APC protein is expressed in a number of different subcellular
compartments that include the cytoplasm, nucleus, microtubule-tips
and plasma-membrane. Whereas the nuclear and cytoplasmic APC
pools are involved in regulation of Wnt signaling, the microtubular
tip-associated APC is directed to leading edges of migrating cells or
basal membranes. Finally, the plasma-membrane-associated APC is
found at cell–cell junctions at the lateral plasma membrane [12,13]
Fig. 1. Puriﬁcation and mass spectrometric analysis of polypeptides associated with
APCarm. Cell extracts from HEK293T cells expressing FLAG-tagged APCarm were
immunoprecipitated with FLAG M2 antibody afﬁnity resin. Mock-transfected cells were
used as a control. The APCarm-associated polypeptides were detected by Coomassie
blue staining and analyzed by mass spectrometry. The identities of the associated
polypeptides are indicated at the right.
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In both Drosophila and mammalian epithelial cells, the junctional
localization of APC is mediated by the armadillo repeat domain of APC
[14–16]; however, the binding partner responsible for this localization
is unknown.
In addition to its role it Wnt signaling, β-catenin has an additional
role as an integral component of adherens junctions (AJ) [17]. In the AJ,
β-catenin binds E-cadherin and plays an important role in the regu-
lation of E-cadherin-dependent cell adhesion. Although E-cadherin is
not part of the β-catenin–APC complex several lines of evidence sug-
gest a role for APC in maintaining cell–cell adhesion [18,14]. However,
APC mutations do not affect cadherin-based adhesion [16]. These
ﬁnding indicate that cell–cell junctional localization of APC may not
involve the association of APC with the AJ compartment.
Here we report that Striatin, a protein that is principally expressed
in neurons, binds to APC. The APC armadillo repeat domain directlyFig. 2. In vitro and in vivo binding of Striatin and APCarm. (A) Coomassie brilliant blue stainin
and GST-APCarm proteins. (B) Analysis of pull-down assays using in vitro-translated full-l
puriﬁed APCarm. (C) Lysates from HEK293T cells transfected with FLAG-WD Striatin or contr
the immunoprecipitates were subjected to immunoblotting with the indicated antibodies. IP
domain.binds to the WD-repeat region of Striatin. Striatin and APC co-localize
with ZO-1, a protein found in the tight junction (TJ) region, in an actin-
dependent manner. These results raise the possibility that the contri-
bution of APC to cell–cell adhesion may be through the association of
APC with the TJ and not the AJ.
2. Results
2.1. The armadillo repeat domain of APC (APCarm) forms a complex with
Striatin family members
In a screen designed to identify proteins that interact with APCarm,
HEK293T cells were transfected with a construct encoding the human
APCarm region tagged at its N′-terminus with a FLAG epitope. Lysates
from cells transfected with FLAG-APCarm or from cells transfected
with the FLAG plasmid alone (mock), were incubated with M2 anti-
bodies against FLAG conjugated to agarose beads. After the captured
proteins were resolved by SDS polyacrylamide gel electrophoresis
(SDS-PAGE), colloidal Coomassie blue staining detected several pro-
teins that co-precipitated with FLAG-APCarm that were not present in
cells transfected with FLAG plasmid. We excised these polypeptides
and analyzed them by tandemmass spectrometry. These polypeptides
included Striatin, SG2NA and zinedin (Fig.1), which are all members of
a small group of eukaryotic proteins called the Striatin family [19].
2.2. Binding between the WD region of Striatin and APCarm
To conﬁrm the interaction between Striatin and APC and to
examine whether the interaction is direct, a full-length clone of
Striatin (pIG1803-23, encoding the ORF of mouse Striatin, a kind gift
from Dr. Kück, Bochum University, Germany) was obtained. The
APCarm region was fused to glutathione S-transferase, expressed in
bacteria, puriﬁed and tested for its ability to bind to in vitro-translated
full-length Striatin and different fragments of the protein (Fig. 2B). The
Striatin fragments used included the protein lacking the WD domain
(including the N-terminal Caveolin-Calmodulin binding domain and
central region; amino acids 1–428), the central region (amino acids
180–428) and the WD repeats (amino acids 415–780 [19]). As shown
in Fig. 2B, bacterially produced and puriﬁed GST-tagged APCarm
bound the full-length Striatin and theWD-repeat region of Striatin. No
interaction was observed with GST alone. The N-terminal Caveolin-
Calmodulin binding domain and the central region of Striatin did not
bind APCarm. This suggested that the interaction between APCarm
and Striatin is direct and mediated through the WD-repeat domain ofg of a gel used for separation of crude extracts and glutathione sepharose puriﬁed GST
ength and different fragments (as indicated) of Striatin and bacterially produced and
ol FLAG vector were immunoprecipitated with anti-APC antibodies. Total cell lysates or
indicates immunoprecipitation; IB, immunoblot; and Cav, Caveolin-Calmodulin binding
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Striatin and APC is mediated through the WD domain of Striatin,
immunoprecipitation analyses were performed. As shown in Fig. 2C,
the WD-repeat region formed a complex with endogenous APC in
HEK293T cells.
2.3. In vivo association of Striatin and APCarm
To verify the cellular interaction between APCarm and Striatin,
HEK293T cells were co-transfected with constructs encoding
haemagglutinin A (HA)-tagged Striatin (pcDNA-HA-Striatin) and
pcDNA-FLAG-APCarm. As shown in Fig. 3A, HA-Striatin speciﬁcally
co-immunoprecipitated with FLAG-APCarm. After transfection of
FLAG-APCarm into HEK293T cells, immunoprecipitation of FLAG-
APCarm also precipitated endogenous Striatin (Fig. 3B). Moreover,
experiments in HEK293T cells indicated that endogenous Striatin
and endogenous APC are associated in cells and, importantly, these
cellular complexes also included PP2A (Fig. 3C), a protein known to
interact with both Striatin and APC [4,19]. (The entire blot for each of
the panels of Fig. 3 is shown in Supplementary Fig. 2.) Similar
interactions were observed in CFPAC-1 cells (data not shown).
Together, these results indicate that Striatin physically interacts with
APC in vivo.
2.4. Endogenous Striatin and APC co-localize at sites of cell–cell contact
and at neurite tips
Since it has been suggested that the armadillo repeat domain of
the APC protein mediates its localization to regions of cell–cell
contact, the endogenous localization of Striatin and APC was
examined in MDCK, CACO-2 and CFPAC-1 cells. These are epithelial
cells that form functional cell–cell junctions [20–22]. In all three cell
lines, Striatin and APC co-localized at sites of cell–cell junctions
(Fig. 4A) as determined by confocal microscopy. Furthermore,
Z-section images of CACO-2 showed co-localization of APC and
Striatin in the cell–cell membrane region (Fig. 4B). As current studies
indicate that both Striatin [23] and APC [24] are highly expressed in
the nervous system, we examined the localization of endogenous
Striatin and APC in pheochromocytoma PC12 cells. APC is important
for neurite outgrowth in PC12 cells [25] and localizes to the neurite
tips in these cells [26]. Confocal analysis revealed that Striatin and
APC localized to neurite tips in PC12 cells that form extensions
following NGF treatment (Fig. 4C). Thus, APC and Striatin co-localize
both in membranes of epithelial cells and in cells from the nervous
system. As this is the ﬁrst report showing that Striatin is expressed
at sites of cell–cell contact in epithelial cells, we veriﬁed the
speciﬁcity of the Striatin antibodies used throughout this study
(Supplementary Fig. 1).Fig. 3. In vivo interaction between Striatin and APCarm. (A) HEK293T cells were transiently
vectors as indicated. Following precipitation with anti-FLAG antibodies, HA-tagged-associate
(B) Lysates from cells transfected with FLAG-APCarm or control FLAG vector were immunopr
subjected to immunoblotting with the indicated antibodies. (C) Lysates from HEK293T cells
immunoprecipitates were subjected to immunoblotting using the indicated antibodies.2.5. Actin-dependent membrane association of Striatin in CFPAC-1 cells
The association of APC with the plasma membrane depends on an
intact actin cytoskeleton [27]. Thus, we examined whether the
association of Striatinwith the cell membrane is also actin-dependent.
CFPAC-1 cells were exposed to cytochalasin D, which disrupts the
actin network. Staining of these cells with phalloidin conﬁrmed that
the actin ﬁlaments were disrupted by this treatment (compare Fig. 5A,
panel b to panel a). Co-staining of the same cells with an antibody
against Striatin revealed that the normal subcellular distribution of
Striatin was disrupted and somewhat mimicked that of actin (Fig. 5A,
panel b). We next asked whether this effect on Striatin was reversible.
Striatin began to re-associate rapidly with the plasma membranes
after drug removal (Fig. 5A, panel c) and membrane-associated
Striatin staining was restored to near normal after 15 min (Fig. 5A,
panel d). Striatin and actin showed wild-type staining 1 h following
drug removal (data not shown). These experiments demonstrate that
the association of Striatin with the plasma membrane depends on
intact actin ﬁlaments. In contrast, exposure of cells to nocodazole,
which disrupts themicrotubular network, for 30min did not affect the
association of Striatinwith the lateral plasmamembrane, although the
drug did cause extensive disruption of themicrotubules as revealed by
α-tubulin staining (Fig. 5B). Thus, intact actin ﬁlaments, rather than
microtubules, were required for the association of Striatin with the
plasma membrane in CFPAC-1 cells.
2.6. Striatin co-localizes with ZO-1 but not with β-catenin or E-cadherin
Next, we compared the cortical localization of Striatin with that of
potential binding partners known to localize to sites of cell–cell
adhesion. Co-immunostaining for Striatin and the adherence junction
(AJ) member β-catenin in CACO-2 and CFPAC-1 cells showed that the
localization of Striatin had very little overlap with the localization
of β-catenin (Fig. 6A). In addition, Striatin did not co-localize with
E-cadherin (data not shown). APC is found just above the AJ com-
partment in epithelial cells [28]. As the tight junctions (TJ) are
localized just above the adherence junctions in polarizedmammalian
cells [29], we determined the localization of Striatin in comparison to
that of ZO-1, a protein found in the cell–cell TJ complex [30]. As can
be seen in Fig. 6B, extensive overlap and co-localization were
observed when CACO-2 and CFPAC-1 cells were co-immunostained
for Striatin and ZO-1. Similarly, a Z-section through conﬂuent CACO-2
cells revealed that Striatin and ZO-1 were expressed in the same
cellular location, at the membrane compartment (Fig. 6C). Immuno-
precipitation experiments revealed that the cellular complex that
includes APC and Striatin also include with ZO-1 but not β-catenin
(Fig. 6D). These results suggest that APC and Striatin are expressed in
the TJ compartment and not in the AJ compartment of epithelial cells.transfected with plasmids encoding FLAG-APCarm, HA-Striatin or empty FLAG or HA
d protein was detected using an anti-HA antibody. Total cell lysates were also analyzed.
ecipitated with anti-FLAG antibodies. Total cell lysates or the immunoprecipitates were
were immunoprecipitated with a rabbit anti-Striatin antibody. Total cell lysates or the
Fig. 4. Endogenous localization of APC and Striatin in epithelial and neuronal cells. (A) Epithelial CACO-2, CFPAC-1 and MDCK cells were grown on glass coverslips to high conﬂuency.
The cells were ﬁxed with ice-cold methanol and stained with mouse anti-APC and rabbit anti-Striatin as indicated. Microtubule tips are marked by an arrow. (B) Z-section along the
line shows co-localization of APC and Striatin in the cell membrane region (as indicated by the arrow head) of CACO-2 cells stained for APC and Striatin, as described above.
(C) Immunostaining in PC12 cells (treated for 4 days with NGF) for APC and Striatin. Co-localization of APC and Striatin in the neurite tip is indicated by an arrow. In merged ﬁgures
APC is stained in red and Striatin in green.
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effects of disrupting cell–cell adhesion on the junction localization of
Striatin. In low-calcium medium, in which cadherin moleculesbecome dispersed but ZO-1 remains in clusters [31], both Striatin
and ZO-1 immunostaining was predominantly cytoplasmic. Even
under these conditions, Striatin maintained its co-localization with
Fig. 5. Actin-dependent membrane association of Striatin in CFPAC-1 cells. (A) CFPAC-1 cells were treated with cytochalasin D (1 μg/ml for 30 min) to depolymerize the actin ﬁbers.
Arrows point to membrane-associated Striatin staining. (a) Control and (b) cytochalasin-treated cells. (c) and (d), cells after recovery, as indicated. (B) The cellular microtubular
network was disrupted by treatment of cells with Nocodazole (20 μg/ml for 30 min). Striatin staining was not affected by this treatment. (a) Control and (b) Nocodazole-treated cells.
In merged ﬁgures, actin is stained red and Striatin green.
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Fig. 6. Striatin co-localizes with ZO-1 but notwith β-catenin. CACO-2 and CFPAC-1 cells were co-immunostained for (A) striatin and β-catenin or (B) striatin and ZO-1. Note the yellow
color in the striatin–ZO-1merge indicates co-localization. (C) Z-section through CACO-2 cells co-stained with striatin and ZO-1. Arrows point tomerge inmembrane areas. (D) Lysates
from CFPAC-1 cells were immunoprecipitated with a rabbit anti-striatin antibody. Total cell lysates or the immunoprecipitates were subjected to immunoblotting using the indicated
antibodies. (E) Calcium switch assay— CACO-2 cells were (a) cultured in normal conditions or (b) cultured in low calcium medium overnight. Junction assembly was initiated by the
addition of calcium and cells were stained as indicated after (c) 5 min or (d) 45 min. In merged images, ZO-1/β-catenin is stained in red and striatin, in green.
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Fig. 7. Depletion of Striatin expression affects the membrane localization of APC. (A) Immunoblot detection of striatin from cells transiently transfected with two different siRNA
constructs directed against striatin and the pSUPER-scramble control. (B) Stable depletion of striatin was observed in CACO-2 cell lines using the two different siRNA sequences. (C)
Cells were lysed and subjected toWestern blot using anti-striatin and anti-APC antibodies. Striatin depletion did not lead to a reduction in total APC protein levels. β-Actin served as a
loading control. (D) Equivalent amounts of protein from cytosolic (Cy) and membrane (M) fractions were analyzed by immunoblotting for the presence of APC and striatin (E-
cadherin served as a membrane marker). (E) Immunostaining of cells that express siRNA directed against striatin mRNA show reduced levels of membrane-bound striatin as well as
decreased levels of membrane-bound APC. In comparison, sections taken just above the membrane staining, at the cytosolic level, show no different in APC staining between striatin-
depleted and control cells. In merged images, APC is stained red and striatin, green.
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medium containing calcium, cell–cell contacts were rapidly reformed.
In recovering cells, ZO-1 was recruited to cell–cell junctions almost
immediately and by 45 min ZO-1 was associated with over 80% of
junctions (Fig. 6E, panel d). In contrast, Striatin was recruited back to
the cortex more gradually. Five minutes after recovery, ZO-1 staining
was seen in some membranes, whereas no Striatin was observed in
the membranes or in cells (Fig. 6E, panel c). After 45 min, membrane
Striatin was observed, though at lower levels and in a more diffuse
pattern compared to that of ZO-1 (Fig. 6E, panel d). This data raises the
possibility that the Striatin cortical localization is dependent upon
cell–cell contact and intercellular adhesion. It is worth noting that the
junctional localization of APC also depends on the existence of
established, mature junctions [28].
2.7. Striatin depletion impairs the membrane localization of APC
We used CACO-2 cells throughout the next experiments, as they
exhibited typical simple epithelial morphology [31]. To gain additional
insight into the role of Striatin and APC in the cell membrane, loss-of-
function studies were performed using a siRNA approach. The siRNA
pSUPER vector systemwas used to reduce expression of Striatin or APC
[32]. Two different siRNA sequences against Striatin were used in our
experiments. Fig. 7A shows that both siRNAs reduced the levels of
Striatin when transiently transfected into CACO-2 cells. Next, we
established stable CACO-2 cell clones inwhich the expression of Striatin
was knocked down. Control clones were similarly established using a
scrambled siRNA sequence. Western blot analysis revealed that the
expression of Striatinwas reduced to less than 10% in clones using eithersiRNA Striatin sequence (Fig. 7B). Immunoﬂuoresence microscopy also
demonstrated efﬁcient Striatin depletion. Interestingly, Striatin deple-
tion did not cause a reduction in the total levels of the APC protein (Fig.
7C), but did result in a dramatic reduction of membrane-associated APC
(Fig. 7E). Cell fractionation assays and staining of APC and Striatin at
different cellular levels revealed that depletion of Striatin resulted in
reduced levels of membrane-associated APC but did not affect the
cytosolic levels of APC (Fig. 7D and E). Similar results were obtained by
using different siStriatin clones.
2.8. Depletion of APC impairs membrane localization of Striatin
To inhibit expression of APC, two different APC siRNA sequences
were chosen and stable APC-depleted CACO-2 cell colonies were
established (Fig. 8A). Loss of APC was clearly observed in both
cytosolic and membrane cell fractions; this did not affect total
Striatin protein levels (Fig. 8B) but did lead to decreased Striatin
levels in the membrane fraction (Fig. 8C). Confocal microscopy, used
to visualize the cellular junctional region, revealed that reduced
levels of APC expression resulted in a dramatic disassociation of
Striatin from the cell membrane but, like the effect of depletion of
Striatin on APC, did not affect the cytosolic levels of Striatin (Fig. 8D).
Similar results were obtained using different siAPC constructs and
clones. To conﬁrm that the Striatin loss in cells that expressed siRNA
directed against APC indeed resulted from a decrease in APC protein
levels, we rescued Striatin expression in these cells by expressing
HA-tagged APC and examining endogenous Striatin expression.
Results showed that overexpression of APCarm in APC-depleted
cells leads to increased expression of endogenous Striatin (Fig. 8E).
Fig. 8. Depletion of APC affects the membrane localization of striatin. (A) Stable CACO-2 cell lines were generated that express two different siRNAs directed against APC mRNA
sequences. Positive clones are shown by an asterisk. (B) Reduction of APC expression did not lead to reduced total striatin protein levels. (C) Equivalent amounts of protein from
cytosolic (Cy) and membrane (M) fractions were analyzed by immunoblotting for the presence of APC and striatin (E-cadherin served as a membrane marker). (D) Cells that
expressed siRNA directed against APC show reduced levels of membrane-bound APC andmembrane-bound striatin. Sections taken just above themembrane staining, at the cytosolic
level, showed no different in striatin staining compared to control cells. (E) Ectopic expression of HA-tagged APCarm in cells that expressed siRNA directed against APC leads to higher
levels of endogenous Striatin in the transfected cells. In merged images, APC is stained red and striatin, green.
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between APC and Striatin.
To learnmore about the phenotypic affects of depleting Striatin and
APC, the levels of Wnt signaling were measured in control and in
Striatin- and APC-depleted cells. Results showed that siRNA-mediated
depletion of either Striatin or APC from CACO-2 cells leads to reduced
Wnt signaling levels (Supplementary Fig. 4A). This is in agreementwith
the hypothesis that the truncated APC protein (that is expressed in
CACO-2 cells) has oncogenic properties. Although depletion of Striatin
or APC did not affect the subcellular distribution of the known protein
partners, caveolin, PP2Aor IQGAP1, depletion of Striatin led to increased
cell proliferation (Supplementary Fig. 4B and C). This may result in loss
of cell adhesion that may lead to accelerated cell proliferation. The fact
that loss of APC did not lead to increased proliferationmay indicate that
epistatically APC is located downstream to Striatin.
2.9. Depletion of Striatin or APC partly affects the distribution of ZO-1
and F-actin
As Striatin and APC were strikingly localized both with each other
and with the tight junction protein ZO-1, we next investigated
whether the depletion of APC or Striatin affects the membrane
localization of ZO-1. The suppression of APC or Striatin expression didnot affect the total protein levels of ZO-1 and only partly altered its
junctional location compared to control cells (Fig. 9A and B). Even so,
the cell–cell boundaries, as viewed by ZO-1 staining, were overly bent
and less strained compared with those of the controls suggesting that
those junctions had acquired reduced tension. Close analysis of ~20
ﬁelds revealed that 20–25% of the membranes showed this bent
phenotype. Despite the deformed outlines of the apical cell–cell
contacts, E-cadherin and β-catenin appeared normally concentrated
along the AJ in Striatin- and in APC-depleted cells (data not shown).
ZO-1 is known to directly bind actin, connecting the TJ to the actin
network [29]. In wild-type CACO-2 cells, F-actin is easily visualized
and is organized in a ﬁbrous network at the lateral portions of the cell
junction [31]. We examined the organization of F-actin using
phalloidin which binds speciﬁcally to F-actin. In around 50% of the
cells, depletion of APC or Striatin leads to a change in F-actin
organization; in these cells, F-actin appeared fragmented and less
polymerized compared to the controls (Fig. 9A).
3. Discussion
In the present study, we show that APCarm directly interacts with
Striatin and that this interaction is mediated by theWD-repeat domain
of Striatin. Striatin is a highly conserved intracellular protein of 780
1800 M. Breitman et al. / Biochimica et Biophysica Acta 1783 (2008) 1792–1802amino acids, that belongs to the family of WD-repeat proteins [33].
Striatin family members are mainly expressed in the nervous system
and are mostly membrane associated through binding of calmodulin in
a calcium-dependentmanner [23]. It is thought that Striatin acts as both
a calcium-dependent signaling protein and a scaffolding protein. Here
we show that Straitin and APC co-localize at sites of epithelial cell–cell
contact. In our experiments, Striatin co-localized with ZO-1, a member
of the TJ compartment but not with β-catenin or E-cadherin, which are
AJ proteins. The association of Striatinwith the TJ relies on the existence
of such junctions suggesting that Striatin is not needed for TJ formation.
Furthermore, like membrane localization of APC, membrane localiza-
tion of Striatin is actin-dependent. Inhibition of Striatin expression
using siRNA affected the membrane localization of APC and vice versa,
an indication that the association of these proteins is important for their
functions in the cell membrane.
As a result of Striatin or APC depletion, the F-actin networks became
fragmented and the ZO-1 distribution was affected, indicating a role for
APC and Striatin in junctional organization. TJ are membrane-associated
structures that form a barrier between the apical and basolateral cell-
surface domains of epithelial cells [29]. Cell polarity and assembly of TJ
are controlled by Par-3, Par-6 and atypical protein kinase C (aPKC) [35].
aPKC activity during TJ formation is regulated by protein phosphatase 2A
(PP2A) [36], a vital serine/threonine protein phosphatase found in all
eukaryotic cells [37]. Moreover, PP2A binds and regulates F-actin by
interacting with IQGAP1, an APCarm binding protein [38]. Both Striatin
and APC have been shown to interact with PP2A. It has been proposed
that the Striatin–PP2A interaction has a function in modulating the
cytoskeleton or the interactions between the cytoskeleton and mem-
brane structures [39]. TheAPC–PP2A interaction ismediated through the
armadillo repeat region of APC and functions to regulate β-catenin
signaling [11]. As the Striatin–APCcomplex includes thePP2Aprotein it is
conceivable to assume that PP2A functions together with Striatin and
APC in TJ regulation.Fig.q 9. Depletion of APC affects the membrane localization of striatin. (A) Stable CACO-2 c
sequences. Positive clones are shown by an asterisk. (B) Reduction of APC expression did n
cytosolic (Cy) and membrane (M) fractions were analyzed by immunoblotting for the pre
expressed siRNA directed against APC show reduced levels of membrane-bound APC andmem
level, showed no different in striatin staining compared to control cells. (E) Ectopic expression
levels of endogenous Striatin in the transfected cells. In merged images, APC is stained redCurrent studies show that Striatin is mostly a membrane-associated
protein that is principallyexpressed in the nervous system [23], although
it is also found in kidney, large intestine, placental lungs and spleen
samples [33,34]. Here we show that Striatin is also expressed in
membranes of epithelial cells. Moreover, we have found that Striatin is
expressed in the heart, colon, small intestine, stomach and liver samples
(not shown). Like Striatin, APC is highly expressed in cells of the CNS. To
investigate whether APC and Striatin are co-expressed in neuronal cells,
we examined their localization in rat PC12 cells. APC was previously
shown to localize to neuritis ends in PC12 cells andwe found that Striatin
co-localizes with APC at this region. Through its binding partners, APC
hasbeen suggested to actdownstreamofPar-6 in controllingcell polarity
[40] and to be involved in targeting Par-3 to the nascent axon [41]. The
connection between APC and the Par complex was also demonstrated
through experiments showing that the armadillo repeat domain of APC
interacts with IQGAP1 to affect cell migration and polarization. As the
Par-3/Par-6 complex is important for neurite polarization as well as for
epithelial integrity, it is possible that Striatin and APC are involved in the
function of the Par complex in both epithelial and nerve cells.
Our results indicate that Striatin is an APCarm binding protein;
Striatin co-localizes with APC in an actin-dependent manner at the TJ
region of epithelial cells and in neurite tips. We plan to further analyze
the function of this important tumor suppressor in polarized cell
migration, cell–cell adhesion and neuronal development. However, the
identiﬁcation of additional proteins involved in this process is necessary
for molecular characterization and understanding of the biological
importance of the APC–Striatin interaction.
4. Materials and methods
4.1. Cell culture and transfections
Human embryonic kidney cell lines 293T (HEK293), monkey COS-7, human colon
carcinoma CACO-2 and Madin–Darby canine kidney (MDCK) cells were cultured inell lines were generated that express two different siRNAs directed against APC mRNA
ot lead to reduced total striatin protein levels. (C) Equivalent amounts of protein from
sence of APC and striatin (E-cadherin served as a membrane marker). (D) Cells that
brane-bound striatin. Sections taken just above themembrane staining, at the cytosolic
of HA-tagged APCarm in cells that expressed siRNA directed against APC leads to higher
and striatin, green.
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(FCS) and 100 U/ml penicillin/streptomycin. Cells were kept in a humidiﬁed 5% CO2
atmosphere at 37 °C. The humanductal pancreatic adenocarcinoma (CFPAC-1) cellswere
cultured in Iscove's Modiﬁed Dulbecco's Medium supplemented with 10% fetal calf
serum (FCS) and 100 U/ml penicillin/streptomycin and maintained as described above.
The rat pheochromocytoma P12 cell line was cultured in DMEM supplemented with 8%
fetal calf serum and 8% horse serum. To induce extensions, 20 ng/ml nerve growth factor
(NGF) was added to fresh medium supplemented with 1% horse serum for 4 days.
HEK293T cells were transfected by CaPO4 precipitation. For calcium switch assays, cells
were grown to conﬂuency for 48 h, washed twice in PBS, and incubated overnight in
calcium free DME (Invitrogen) supplemented with 10% FCS. After treatment, cells were
either ﬁxed immediately or incubated in DMEM supplemented with 10% FCS and
allowed to recover for 5 or 45 min before ﬁxation and immunostaining. COS-7 and
CACO-2 cells were transfected using Lipofectamine2000 (Invitrogen) following the
manufacturer's instructions.
4.2. Identiﬁcation of interacting proteins using mass spectrometry
HEK293T cells were transfected with pcDNA3.1-FLAG APCArm or pCMV-FLAG as a
control. Two days later the cells were washed with ice-cold PBS and lysed in lysis buffer
(20 mM Tris–HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100) containing
complete EDTA-free protease inhibitor mixture (Roche Applied Science). Extracted
proteins were immunoprecipitated with anti-FLAG M2 agarose (Sigma) at 4 °C
overnight. Following SDS-PAGE, colloidal Coomassie blue staining detected several
proteins that co-precipitated with FLAG-APCarm that were not present in the control.
Polypeptides were excised and analyzed by tandem mass spectrometry (at the Smoler
Proteomic Center, Technion, Israel Institute of Technology).
4.3. Plasmids and reagents
To construct pKS-HA-Striatin, the pEHN2striatin (pIG 1803-23, a kind gift from
Dr. U. Kück, Bochum University, Germany) was digested with NotI and the 2.3-kb
fragment was inserted into NotI-digested pBluescript II KS vector. To construct
pcDNA3.1HA-Striatin, the fragment encoding human Striatin was synthesized by
PCR using the primers: 5′-AGAAAGCTTATGGACGAGCAGGCGGGGCCCGGCGT-3′and
5′-AGAGCGGCCGC CTCGAGTACAAAGACCTTAGCCAGGG-3′. This fragment was
digested with HindIII and XhoI and inserted into HindIII and XhoI sites of pcDNA3.1,
which expresses a C′-HA tag. pCMV4A-FLAG-Striatinwas constructed by inserting the
human Striatin coding region using the HindIII and XhoI into the pCMV-FLAG Tag 4A
vector. The KS-HA-Striatin construct was used as a template for producing the Striatin
deletion constructs. The pcDNA3.1-Caveolin-Calmodulin-Central plasmid was con-
structed by inserting the ﬁrst 1284 bp of the Striatin cDNA into the HindIII/XhoI-
digested pcDNA3.1 plasmid. This 1284-bp fragment was obtained by PCR using the
following primers: 5′-AGAAA GCTTATGGACGAGCAGGCGGGGCCCGGCGT-3′ and 5′-
AGAGCGGCCGCCTCGAG GCCTGCTAATTCTCCAAGCCCCAG-3′. The pcDNA3.1-Striatin
Central region includes the region that spans nucleotides 538–1284 of the Striatin
cDNA and was constructed by cloning the PCR fragment obtained by using the
following primers: 5′-AGAAAGCT TTCCAAGCGTGTGCGGGCATTG-3′ and 5′-
AGAGCGGCCGCCTCGAGGCCTGCTAA TTCTCCAAGCCCCA G-3′. The pcDNA3.1-Stria-
tin1250–2416 WD region includes nucleotides 1250–2416 of the Striatin cDNA andwas
constructed by PCR using the following primers: 5′-AGAAAGCTTGATGAAG-
CCCTTGAAAGCGAG-3′ and 5′-AGAGCGGCCG CCTCGAG TACAAAGACCTTAGCCAGGG-3′.
The sameWD fragment was cloned into pCMV4-FLAG to construct the FLAG-WD Striatin
plasmid. The siRNA target sequences of Striatin and APCwere designed and inserted into
the BglII–HindIII site of pSUPER. The target sequences were as follows: Striatin-RNAi-1:
5′-GCGGTGAAGATCGAGATACAA-3′; Striatin-RNAi-2: 5′-GCGTCATTGATACTTCAACAA-3′.
Control scrambled Striatin-RNAi: 5′-TTCGAGC ATATCCAGACTTAA-3′. APC-RNAi se-
quences were the following: APC-RNAi-1: 5′-AGCAAGTTGAGGCACTGAA-3′; APC-RNAi-2:
5′-GTTGAGG CACTGAAGATGG-3′; control scrambled APC sRNAi: 5′-ACGACTTAC-
TAGTGGTCCG-3′. pcDNA-FLAG-APCarm encodes the human APC armadillo repeat region
spanning amino acids 188–774. pcDNA-HA-APCarm was constructed by replacing the
FLAG with an HA epitope. To construct pGEX-5X-1 APCArm, pcDNA3.1 FLAG-APCarmwas
digested with NotI. The 1.754-kb fragment was inserted into NotI-digested pGEX-5X-1.
pTOPFLASH was kindly provided by Dr. H. Clevers (Center for Biomedical Genetics,
Hubrecht, The Netherlands and were described previously [42]). All constructs were
veriﬁed by DNA sequencing at the Tel-Aviv University sequencing facility. Cyclocolasin D
(used at 1 μg/ml) and Nocodazole (used at 20 μg/ml) were purchased from Sigma.
4.4. Immunoprecipitation, western blot analysis and cell fractionation
Forty-eight hours following transfection, HEK-293T cells in 10-cm dishes were
washed with cold PBS and solubilized in lysis buffer. Cell lysates were transferred to
microcentrifuge tubes and centrifuged for 20 min at 13,000 rpm at 4 °C. Supernatants
were incubatedwith anti-FLAGmonoclonal antibody covalently attached to crosslinked
agarose beads (2 M, Sigma) for 1.5 h at 4 °C following the manufacturer's protocols.
Following SDS-PAGE, proteins were transferred to nitrocellulose membranes and, after
blocking with 5% low-fat milk, membranes were incubated with the speciﬁc primary
antibody. Membranes were washed in 0.001% Tween 20 in PBS and incubated for
45 min with a secondary antibody. After washing in Tween/PBS, membranes were
subjected to enhanced chemiluminescence (ECL) detection analysis using horseradishperoxidase-conjugated secondary antibodies (Santa Cruz Biotechnology). To prepare
membrane fractions, cells were washed in PBS and incubated for 5 min at room
temperature in buffer S (0.25 M sucrose, 1 mM imidazole, 5 mM MgCl2). The medium
was aspirated and cells were harvested in buffer S containing 1 mM DTT and a cocktail
of protease inhibitors, incubated on ice for 15 min, then homogenized. Cells were
centrifuged at 800 ×g at 4 °C to pellet nuclei, after which the supernatant was cen-
trifuged at 4 °C for 45 min at 100,000 ×g in a Beckman TL-120.2 rotor. The supernatant
(cytosol) was collected and the remaining pellet (membrane fraction) was resuspended
in buffer containing TNE (25 mM Tris, 150 mM NaCl, 1% NP-40, 4 mM EDTA, 25 mM
sodium ﬂuoride, 1 mM sodium orthovanadate, pH 7.4) and sonicated. Protein concen-
trations from the cell fractionswere determined using the Bio-Rad protein assay kit. The
following antibodies were used: mouse anti-Striatin (1:1000; BD Biosciences, USA),
rabbit anti-Striatin (1:400; Chemicon International), mouse anti-APC, Ab-1, (1:500;
Calbiochem), rat anti-ZO-1 (1:500; Chemicon International), mouse anti-PP2A
1:500; Upstate Biotechnology), mouse anti-actin (1:10,000; MP Biomedicals), mouse
anti-E-cadherin (1:500; Transduction Laboratories) and rat anti-HA (1:2000; Roche).
Mouse anti-FLAG and rabbit anti-FLAG antibodies (1:5000 and 1:400 respectively) were
obtained from Sigma. Anti-rat, anti-mouse and anti-rabbit IgG horseradish peroxidase-
conjugated secondary antibodies were obtained from Santa Cruz Biotechnology and
were used at a 1:5000 dilution.
4.5. Immunoﬂuorescence
Cells grown on glass coverslips were ﬁxed for 20 min in PBS containing 3.7%
paraformaldehyde or for 10 min in ice-cold methanol (when using the APC antibody).
Fixed cells were washed three times with PBS, permeabilized with 0.1% Triton X-100 for
1 h and blocked in PBS containing 1% BSA and 0.1% Triton X-100 for 1 h. Subsequently,
cells were incubated at room temperature with primary and secondary antibodies for
60 and 30 min, respectively. Cells were stained with 10 μg/ml DAPI (Sigma) for 5 min.
Immunoﬂuorescence microscopy was performed using a confocal laser microscopy
system (LSM510 Carl Zeiss). The following antibodies were used: rabbit anti-Striatin
(1:400, Chemicon International), mouse anti-Striatin (1:4000, BD Transduction
Laboratories), mouse anti-APC (ALI 12-28, 1:300, Abcam), rat-anti-ZO-1 (1:500,
Chemicon International), mouse anti-α-tubulin (clone DM 1A, 1:500, Sigma-Aldrich)
mouse anti-β-catenin and mouse anti-E-cadherin (1:500, Transduction Laboratories),
mouse anti-PP2A (1:500, Upstate Biotechnology), mouse anti-IQGAP1 (1:500, Trans-
duction Laboratories), mouse anti-FLAG (1:500, Sigma), and rat anti-HA (1:300, Roche).
For the visualization of actin stress ﬁbers, cells were stained fro 30 minwith Phalloidin-
TRITC (1:10,000, Sigma-Aldrich). Alexa-488 and Alexa-594 conjugated anti-rabbit,
Alexa-488, Alexa-Fluor-633 and Alexa-Fluor-594 conjugated anti-rat, and Alexa-Fluor-
594 and Alexa-Fluor-633 conjugated anti-mouse were obtained fromMolecular Probes.
Anti-mouse FITC-conjugate was obtained from Sigma-Aldrich. All secondary antibodies
for immunostaining were used at 1:500 dilutions.
4.6. GST pull-down assays
GST-APCarm and control GST proteins were expressed in BL21 (DE3) Escherichia coli
cells after induction with 0.5 mM isopropyl-1-thio-β-D-galactopyranoside for 3 h at
37 °C and were puriﬁed using glutathione sepharose 4B beads (Amersham Pharmacia
Biotech) according to the manufacturer's instructions. For GST pull-down assays, equal
amounts of GST-APCarm and control GST proteins were incubated with the [35S]-
methionine-labeled full-length Striatin or Striatin fragments that were in vitro
transcribed using the AmpliScribe T7-Flash transcription kit (Epicentre) according to
the manufacturer's instructions. In vitro transcribed messenger RNA from each
transcription was translated using the wheat germ extract kit from Promega. GST and
GST-APCarm were immobilized to glutathione sepharose 4B beads and mixed with in
vitro-translated protein in TETN buffer (25 mM Tris–HCl, pH 7.5, 5 mM EDTA, 1% Triton
X-100, 100 mM NaCl) for 3 h at 4 °C. After three washes with TETN buffer, bound
proteins were analyzed by 10% SDS-PAGE and autoradiography.
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